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PREFACE 

Observed zona l  o r  m e r i d i o n a l  s h i f t s  of t h e  geomagnetic f i e l d  a t  t h e  

e a r t h ' s  s u r f a c e  sugges t  t h a t  s i m i l a r  motions may occur  a t  t h e  s u r f a c e  of 

t h e  c e n t r a l  co re  about half-way t o  t h e  e a r t h ' s  c e n t e r ,  assuming t h a t  

t h e  f i e l d  l i n e s  a r e  f r o z e n  i n t o  the  s u r f a c e  of t h e  co re .  The change 

of t h e  e a r t h ' s  magnet ic  f i e l d  i n  t i m e  i s  used t o  e s t i m a t e  p o s s i b l e  motions 

w i t h i n  t h e  co re  boundary. 

The s t u d y  p resen ted  he re  i s  one of a ser ies  in tended  t o  improve p re -  

d i c t i o n s  of t h e  s t r e n g t h  and p a t t e r n s  of t h e  e a r t h ' s  magnet ic  f i e l d  a s  

i t  a f f e c t s  t h e  r a d i a t i o n  b e l t s ,  and t o  a s s i s t  i n  e s t i m a t e s  of t h e  magnet ic  

f i e l d s  l i k e l y  t o  be encountered on o t h e r  p l a n e t s .  

This  work was suppor ted  by t h e  N a t i o n a l  Aeronaut ics  and Space 

Admin i s t r a t ion .  
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ABSTRACT 

The c o n t r i b u t i o n  t o  s e c u l a r  change made by t h e  nonuniform v e l o c i t y  

of t h e  f l u i d  a t  t h e  s u r f a c e  of t h e  e a r t h ' s  c o r e  i n  t h e  presence  of t h e  

e a r t h ' s  main f i e l d  i s  d i scussed .  It i s  shown t h a t  c o n t r i b u t i o n s  t o  

s e c u l a r  change made by temporal changes i n  t h e  f low p a t t e r n  of t h e  f l u i d  

may be impor t an t .  R e s u l t s  a r e  d i scussed  q u a l i t a t i v e l y  i n  r e l a t i o n  t o  

dynamo t h e o r i e s  of t h e  e a r t h ' s  main f i e l d .  It i s  a l s o  shown t h a t  s u r f a c e  

f l u i d  motions t h a t  can v e r y  n e a r l y  reproduce s e c u l a r  change a l s o  show 

f e a t u r e s  compatible w i t h  t h e  gene ra to r  models of B u l l a r d ,  Herzenberg,  

P a r k e r ,  and Tverskoy. The degree  of c o m p a t i b i l i t y  found does no t  a l low 

a p r e f e r r e d  cho ice  among t h e s e  va r ious  g e n e r a t o r s .  
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I. INTRODUCTION 

The p r e s e n t  paper  extends our p rev ious  d i s c u s s i o n , i n  a series of 

p a p e r s ,  of f l u i d  motions a t  t h e  s u r f a c e  of t h e  e a r t h ' s  c o r e  (Vest ine 

and Kahle,  1966; Kahle,  V e s t i n e ,  and B a l l ,  1967; Kahle ,  B a l l ,  and V e s t i n e ,  

1967). I n  t h i s  series w e  have cont inued  t o  improve ou r  approximations 

and have extended t h e  t i m e  coverage of our e s t i m a t e s  of t h e  t a n g e n t i a l  

v e l o c i t i e s  a t  t h e  s u r f a c e  of the  core  t h a t  a r e  necessa ry  t o  produce t h e  

observed magnetic s e c u l a r  change. We have i n f e r r e d  t h e  v a l u e s  of t h e s e  

v e l o c i t i e s  over  t h e  g r e a t e r  p a r t  of t h e  p a s t  100 y e a r s .  The v e l o c i t i e s  

were ob ta ined  by e x t r a p o l a t i n g  the geomagnetic f i e l d  and i t s  s e c u l a r  

change t o  t h e  v i c i n i t y  of t h e  c o r e ,  and t h e n  a p p l y i n g  t h e  f r o z e n - f i e l d  

concept  of geomagnetism (Alfvgn and F'a'lthammer , 1963).  

p o l a t i o n  g r e a t l y  a m p l i f i e s  e r r o r s  i n  t h e  h igh-degree  t e rms ,  we have 

l i m i t e d  our  i n v e s t i g a t i o n  t o  t h e  b road- sca l e  f e a t u r e s  of t h e  v e l o c i t y .  

Our t h e o r e t i c a l  approach i n  many r e s p e c t s  p a r a l l e l s  t h a t  of Rober t s  and 

S c o t t  (1965) ,  from whose work we have b e n e f i t e d  g r e a t l y .  

S ince  t h e  e x t r a -  

Such i n f e r r e d  d a t a  on s u r f a c e  v e l o c i t i e s  of t h e  c o r e  are of s p e c i a l  

i n t e r e s t  i n  connec t ion  w i t h  hydromagnetic t h e o r i e s  of t h e  o r i g i n  of t h e  

geomagnetic f i e l d  and i t s  s e c u l a r  change ( E l s a s s e r ,  1946a, b ;  B u l l a r d ,  

1949; Alfve'n and F ' a ' l t hamer ,  1963; B u l l a r d ,  e t  a l . ,  1950; B u l l a r d  and 

Gellman, 1954; Runcorn, 1956; Pa rke r ,  1955; A l l a n  and B u l l a r d ,  1958; 

Herzenberg ,  1958; Nagata and R i k i t a k e ,  1961; Hide and R o b e r t s ,  1961; 

Lowes and Wilk inson ,  1963; Hide ,  1966) .  

c a n  be regarded  a s  a r i s i n g  p r i m a r i l y  from t a n g e n t i a l  t r a n s p o r t  and d i s -  

t o r t i o n  of t h e  main p o l o i d a l  f i e l d  f r o z e n  i n  the  f l u i d  a t  t h e  s u r f a c e  of 

the  c o r e ,  we show h e r e  t h a t  i n  approximately 80 p e r c e n t  of t h e  g r i d  p o i n t s  

Assuming t h a t  a l l  s e c u l a r  change 
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sampled on t h i s  s u r f a c e ,  f r o z e n  t r a n s p o r t  of t h e  f i e l d  i s  more e f f e c t i v e  i n  

g e n e r a t i n g  s e c u l a r  change t h a n  i s  t h e  accompanying d i s t o r t i o n .  

show t h a t  t h e  c o n t r i b u t i o n s  t o  s e c u l a r  change a t  t h e  e a r t h ' s  s u r f a c e  

a r i s i n g  from (1)  t h a t  p a r t  of t h e  f low a t  t h e  co re  s u r f a c e  t h a t  produces 

westward d r i f t ,  ( 2 )  t h e  remaining r o t a t i o n a l  f l ow,  and ( 3 )  t h e  i r r o t a -  

t i o n a l  flow, are  comparable i n  magnitude. However, the westward d r i f t  

cons ide red  s e p a r a t e l y  makes a somewhat g r e a t e r  c o n t r i b u t i o n  t o  s e c u l a r  

change. The p o l o i d a l  terms i n  v e l o c i t y  a t  t h e  s u r f a c e  of t h e  c o r e ,  sug-  

g e s t e d  by Bu l l a rd  and Gellman (1954) ,  a r e  s u b s t a n t i a t e d ,  though they  do 

not  appear  t o  be dominant f e a t u r e s  of t h e  flow p a t t e r n .  There i s  a l s o  

a p o s s i b i l i t y  t h a t  t h e  r o t a t i o n a l  p a r t  of t h e  f low may i n d i c a t e  t h e  

presence of two Herzenberg g e n e r a t o r s ,  one of which may s e r v e  t o  amplify 

t h e  d i p o l e  f i e l d  and t h e  o t h e r  t o  deamplify i t .  It  i s  sugges t ed  t h a t  

t h e s e  g e n e r a t o r s  may a l s o  p rov ide  a mechanism f o r  t h e  r e v e r s a l  of t h e  

main f i e l d .  

We next  
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11. FLOW EQUATIONS 

According t o  Elsasser (1946b) ,  t h e  v e l o c i t y  w i t h i n  the c o r e  s a t i s -  

f i e s  t h e  e q u a t i o n  

where 0 i s  t h e  e l e c t r i c  c o n d u c t i v i t y  and i s  t h e  magnet ic  f i e l d .  

The l a s t  term, a d i f f u s i o n  teqn  f o r  t h e  f i e l d  E, i s  g e n e r a l l y  a s -  

sumed t o  be sma l l  when t h e  magnetic f i e l d  p a t t e r n s  a r e  f a i r l y  s imple  

( E l s a s s e r ,  1946b; Rober t s  and S c o t t ,  1965; Kahle ,  V e s t i n e ,  and B a l l ,  

1967) .  This  assumption w i l l  be d i scussed  more c r i t i c a l l y  below and i n  

a subsequent  pape r ,  bu t  a c c e p t i n g  i t  f o r  t h e  moment, one o b t a i n s  

S ince  v = 0 ,  and v * 1 = 0 i f  t h e  f l u i d  i s  incompress ib l e ,  we 

may rewrite Eq. (2)  u s i n g  a v e c t o r  i d e n t i t y  i n  t h e  form 

Using  p o l a r  c o o r d i n a t e s  r ,  0 ,  h a t  t h e  s u r f a c e  of  t h e  c o r e ,  t h e  r a d i a l  

component may be expressed  i n  t h e  form (Roberts  and S c o t t ,  1965; Kahle ,  

For  p h y s i c a l  r e a s o n s ,  t h e  ho r i zon ta l - f low component of 1 i s  more 

conven ien t ly  expres sed  as t h e  r o t a t i o n a l  and i r r o t a t i o n a l  p a r t s  of x 
by f i n d i n g  t h e  s o l u t i o n  of Eq. ( 4 )  i n  t h e  case  where 
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where 

4 n  
c 

n = l  m=O 
X = c (A: cos mA + BZ sin mh) Pm n ( e )  

and r is the radius of a spherical core (Kahle, Vestine, and B a l l ,  1967). 

In this expression the direction and magnitude of the rotational velo- 

city along flow lines closing on the surface of the core are indicated 

by 5 x VX, and for irrotational flow, by -V$. 

The functions X and Jr in E q .  (5)  may be related to the poloidal 

and toroidal vector flow-fields 2 and 2, respectively, by writing 

scripting his variables with C, 
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111. FIELD CHANGES DUE TO SURFACE TRANSLATION AND DISTORTION 
OF THE MAIN FIELD 

Since  a t  t h e  moment w e  a r e  i n t e r e s t e d  only  i n  l a r g e - s c a l e  h o r i z o n t a l  

f low,  we assume t h a t  s p h e r i c a l  harmonic terms up t o  degree  6 w i l l  s u f f i c e  

f o r  g and t o  degree  4 f o r  ag/at (Kahle,  V e s t i n e ,  and B a l l ,  1967) .  

Table  1 l i s t s  t h e  v a l u e s  of (E v ) v  - and (1 v)g a t  a number of 

p o i n t s ,  c a l c u l a t e d  a t  r = 3471 km, us ing  t h e  d a t a  of Hendricks and Cain 

(1966) f o r  epoch 1960. Although t h e  second term i s  dominant about  80 

p e r c e n t  of t h e  t ime ,  t h e  f i r s t  i s  a l s o  impor tan t  and i s  o c c a s i o n a l l y  

l a r g e r  than  t h e  second.  This  means, of c o u r s e ,  t h a t  sma l l - sca l e  s p a t i a l  

changes i n  t h e  f low p a t t e r n  sometimes c o n t r i b u t e  more e f f e c t i v e l y  t o  

s e c u l a r  change t h a n  do s p a t i a l  v a r i a t i o n s  of l3, and Table  1 sugges t s  

t h a t  t h i s  occurs  more o f t e n  a t  high l a t i t u d e s .  It t h e r e f o r e  appears  

t h a t  t h e  approximation ag/at = 

(Ves t ine  and Kahle ,  1966) neg lec t ed  a t e r m  which,  though i t  i s  u s u a l l y  

s m a l l e r  t h a n  

t o  cause  an  e r r o r  i n  t h e  approximation of more than  100 p e r c e n t .  Such 

r e g i o n s  are c l e a r l y  those  i n  which 1 (E * V ) l (  > I (E V)gI i n  Table  1. 

-(x ")E used i n  our  f i r s t  paper  

-(l - V)g, i s  n e v e r t h e l e s s  l a r g e  enough i n  some reg ions  

It would t h e r e f o r e  appear  t h a t  i f  we adopt t h e  f r o z e n - f i e l d  concept  

of hydromagnetism, t h e  s e c u l a r  change, a s  shown by t h e  r a d i a l  component 

of t h e  f i e l d ,  i s  gene ra t ed  mainly by t h e  t a n g e n t i a l  t r a n s l a t i o n  of 

p a t t e r n s  i n  t h e  main f i e l d .  I n  about 20 pe rcen t  of t h e  cases  examined, 

t h e  l o c a l  change i n  t h e  h o r i z o n t a l  f low p a t t e r n  of t h e  conduct ing  f l u i d  

c o n t r i b u t e s  more s t r o n g l y  t h a n  does t r a n s l a t i o n .  

2 It i s  a l s o  p o s s i b l e  t h a t  (1/4nO)V may no t  be n e g l i g i b l e  i n  com- 

p a r i s o n  w i t h  (E v ) ~  o r  (l - V)E, e s p e c i a l l y  f o r  f low p a t t e r n s  of small 
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l i n e a r  c r o s s  s e c t i o n  (Kahle,  B a l l ,  and V e s t i n e ,  1967) .  

n o t e  t h a t  i n  g e n e r a l  one cannot  estimate V I%, except  when 

v a r y  s lowly  wi th  dep th  nea r  t h e  core  s u r f a c e ,  i n  which case  Q i s  n e g l i -  

We may a l s o  

2 i s  known t o  

2 

g i b l e .  We a r e  indeb ted  t o  M r .  Ar thur  Richmond ( p r i v a t e  communication) 

f o r  p o i n t i n g  o u t  t h a t  t h e  f l u x  B of p o l o i d a l  f i e l d  l i n e s  e n t e r i n g  t h e  

c o r e  a long  a r a d i u s  may undergo ra.pid r e d i s t r i b u t i o n  i n  d e n s i t y  of f i e l d  

r 

f l u x  pe r  u n i t  a r e a  of c o r e  s u r f a c e  i n  t h e  presence  of a h o r i z o n t a l  

g r a d i e n t  aBr /as ,  when d i s t o r t e d  by a zonal  f low of f l u i d .  

t u d e  of t h e  c o n t r i b u t i o n  of V - B t o  ag/at depends upon f a c t o r s  no t  a v a i l -  

a b l e  from t h e  o b s e r v a t i o n a l  d a t a ,  t h e  e f f e c t  of d i f f u s i o n  and l a t e r a l  

r e d i s t r i b u t i o n  of t h e  f l u x  w i l l  not be cons idered  h e r e ,  even though i t  

may exert some d i s t o r t i n g  in f luence  on ou r  f low p a t t e r n s .  We hope t o  

r e t u r n  t o  t h i s  q u e s t i o n  i n  a f u t u r e  i n v e s t i g a t i o n .  I n  t h e  meantime, 

i t  may be noted t h a t  a l though  t h e  r a d i a l  d i f f u s i o n  of should  be n e g l i -  

g i b l e  i n  t h e  case of t h e  s i m p l e ,  b road-sca le  s u r f a c e  f low p a t t e r n s  con- 

s i d e r e d  h e r e ,  a s i g n i f i c a n t  h o r i z o n t a l  r e d i s t r i b u t i o n  of t h e  d e n s i t y  of 

t h e  r a d i a l  f l u x  l i n e s  would a f f e c t  o u r  estimates of 1. 

Since  t h e  magni- 

2 

A s  w e  have noted p r e v i o u s l y  (Kahle,  B a l l ,  and V e s t i n e ,  1967) )  a 

t a n g e n t i a l  f l ow p a r a l l e l  t o  isomagnet ic  l i n e s  of B mapped on t h e  s u r f a c e  

of t h e  co re  (F ig .  1) cannot  be determined u s i n g  Eq. ( 4 ) ,  s i n c e  t h i s  f low 

does  no t  c o n t r i b u t e  t o  t h e  s e c u l a r  change ag/at. 

t h e  e a r t h ' s  s u r f a c e  w i l l  be  c a r r i e d  a long  by t h e  t a n g e n t i a l  f l ow,  but  

t h e  l o c a l  f l u x  2 w i l l  remain unchanged t h e r e .  

r 

The l i n e s  of f o r c e  a t  

T h i s  nonuniqueness  of t he  s o l u t i o n ,  cor responding  t o  f lows  t h a t  p r e -  

s e r v e  t h e  magnet ic  f l u x  d e n s i t y ,  was po in ted  o u t  by Roberts  and S c o t t  

(1965).  The g e n e r a l  form of these  f lows can be d e r i v e d  from Eq. (2) by 
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F i g .  1 -- Contours of t h e  r a d i a l  component, Br, of t h e  geomagnetic 

f i e l d  a t  t h e  s u r f a c e  o f  t h e  c o r e ,  r = 3471 km, f o r  epoch 

1960. 
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r e q u i r i n g  t h a t  a B / a t  = 0 ,  which implies  t h a t  t h e  unde tec t ab le  f low 

s a t i s f i e s  

- 

f o r  an a r b i t r a r y  f u n c t i o n  Q ( e s s e n t i a l l y  t h e  e l e c t r i c  p o t e n t i a l ) .  From 

t h e  c o n d i t i o n y  = 0 a t  t h e  s u r f a c e ,  one f u r t h e r  o b t a i n s  r 

v = r  i x o l  
-u 

Br 

where v i s  the  undefined p a r t  of t h e  v e l o c i t y .  
-u 

2 I f  v i s  t o  be nons ingu la r ,  @ must va ry  l i k e  B r ,  and of course  Q 
-u 

must be s ing le -va lued  on the  ( c losed )  s u r f a c e  of t h e  co re .  Without loss 

of g e n e r a l i t y ,  one can t ake  @ t o  be of t h e  form 

so t h a t  

v = i  x [2f  V Br + B r  V f ]  
-u r 

where f i s  assumed t o  be cont inuous.  The s i m p l e s t  example i s  f = c o n s t a n t ,  

which g ives  s t r e a m l i n e s  of v i d e n t i c a l  w i t h  t h e  contours  of B a t  t h e  

s u r f a c e  of t he  c o r e ,  a s  shown i n  F i g .  1. Other  pe rmis s ib l e  forms of f 

w i l l  g e n e r a l l y  g ive  upflows and downflows a s  we l l  a s  c i r c u l a t i o n s ,  and 

t h e s e  f lows w i l l  always be more complicated t h a n  those  of F i g .  1. I n  

p a r t i c u l a r ,  Eq. (10) i m p l i e s  t h a t  t h e  unde tec t ab le  flow i s  always p a r a l l e l  

t o  t he  contours  of B i n  the  v i c i n i t y  of t h e  contours  B = 0. It is  

t h e r e f o r e  apparent  t h a t  f o r  a complicated B p a t t e r n ,  t h e  b road- sca l e  

f e a t u r e s  of t h e  v e l o c i t y  p a t t e r n  can be i n f e r r e d  f a i r l y  w e l l ,  whereas 

-u r 

r r 

r 
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t h e  s m a l l e r - s c a l e  p a t t e r n s  a r e  s u b j e c t  t o  cons ide rab le  u n c e r t a i n t y .  

Our knowledge of t h e  sma l l e r - sca l e  v e l o c i t y  p a t t e r n s  could  be i m -  

proved by a d d i t i o n a l  i n fo rma t ion ,  and some methods of a c q u i r i n g  t h i s  

w i l l  be explored i n  a f u t u r e  a r t i c l e .  
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, 

I V .  CONTRIBUTIONS TO SECULAR CHANGE OF SURFACE VELOCITIES 
WITH AND WITHOUT CURL 

It i s  of some p h y s i c a l  i n t e r e s t  t o  cons ide r  t h e  i n d i v i d u a l  c o n t r i b u -  

t i o n s  t o  s e c u l a r  change of t h e  p a r t s  of l w i t h  and wi thou t  c u r l  a t  the 

s u r f a c e  of the  c o r e .  Table 2 l i s t s  a t y p i c a l  s e t  of t h e  harmonic c o e f -  

f i c i e n t s  of t h e  v e l o c i t y  when t h e  v e l o c i t y  a t  t h e  s u r f a c e  of t h e  co re  

i s  assumed t o  be g iven  by Eq. ( 5 ) .  The main magnetic f i e l d  and ag/at 

a r e  t h o s e  of t h e  1960 f i e l d  a s  determined by Hendricks and Cain (1966).  

The westward d r i f t  i s ,  by d e f i n i t i o n ,  t h e  v e l o c i t y  o b t a i n e d  from Eq. (5) 

u s i n g  on ly  t h e  terms A . 
westward d r i f t  t o  d g / a t ,  shown i n  Table 3 ,  a r e  ob ta ined  by u s i n g  t h e  

c o e f f i c i e n t s  of Table  2 i n  Eqs. ( 4 )  and (5 ) .  The sum of t h e s e  c o n t r i -  

b u t i o n s  t o  ag/at i s  g iven  i n  Table 4 ,  a long  w i t h  t h e  o r i g i n a l  ag/at- 

f i e l d  used ,  i n  terms of c o e f f i c i e n t s  im and lim a t  t h e  e a r t h ' s  s u r f a c e .  

On t h e  whole,  t h e  agreement between computed and observed s e c u l a r  change 

a t  t h e  e a r t h ' s  s u r f a c e ,  harmonic by harmonic,  i s  not  p a r t i c u l a r l y  good. 

Some n o t a b l e  d i s c r e p a n c i e s  a p p e a r ,  e .g .  f o r  the  zona l  component g 

which has  a computed v a l u e  and an observed v a l u e  of 5.6 and 20.6 y / y r  , 

r e s p e c t i v e l y .  However, when s y n t h e s i z e d ,  t h e  two f i e l d s  appear  b a s i c a l l y  

q u i t e  s i m i l a r .  F i g u r e  2a shows the r a d i a l  component of t h e  s e c u l a r -  

change f i e l d  a t  t h e  c o r e ,  c a l c u l a t e d  from Hendricks and C a i n ' s  c o e f f i c i -  

e n t s .  F i g u r e  2b shows t h e  same component syn thes i zed  from t h e  c o e f f i c i -  

e n t s  i n  Table 4 ,  which were der ived  from t h e  v e l o c i t y .  

0 
n n '  The s e p a r a t e  c o n t r i b u t i o n s  of J' - Ao X and 

n n 

.o 
1' 

Although t h e  

d e r i v e d  secular -change  f i e l d  appears  c o n s i d e r a b l y  rougher , which i s  a 

n a t u r a l  consequence of combining s e v e r a l  f i e l d s ,  t h e  two f i e l d s  ag ree  

much b e t t e r  t h a n  might be expected from comparing t h e  c o e f f i c i e n t s  of 

T a b l e  4 .  
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Table 2 

C O E F F I C I E N T S  OF VELOCITY AT THE SURFACE OF THE CORE 

I N  KM/YR FOR = x V x  .. V $ ,  EPOCH 1960 

Ji x 
Brn n m l  n 

1 0 -1.42 0.00 

1 1  1.07 0 .54  

2 0 0.12 0.00 

2 1 -0.44 0.18 

2 2  0 .21  0.33 

3 0 -0.11 0.00 

3 1 -0.16 -0.23 

3 2 -0.17 -0.54 

3 3 0.32 0.67 

4 0 -0.07 0.00 

4 1  0.06 -0.08 

4 2 -0 .04 0.22 

4 3 -0.19 -0.12 

4 4 0.13 0.05 

Brn n Am n 

3.53 

1.07 

-1.59 

1.22 

0 .09  

-0.42 

-0 .78  

0 .24  

0.55 

0 . 5 8  

-0.07 

-0.53 

0.13 

0.68 

0.00 

-0.54 

0.00 

0.20 

-0.40 

0.00 

-0 .58  

0.27 

0 .34  

0.00 

0.46 

-0 .41  

-0.80 

-0.47 
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I -  

t *  

T a b l e  3 

CALCULATED SPHERICAL-HARMONIC C O E F F I C I E N T S  OF SECULAR CHANGE AT THE 

EARTH'S SURFACE, DUE TO ROTATIONAL AND IRROTATIONAL PARTS OF THE 

VELOCITY F I E L D  , EPOCH 1960 , U N I T S  OF GAMMAS/YR 

n m  

1 0  

1 

2 0  

1 

2 

3 0  

1 

2 

3 

4 0  

1 

2 

3 

4 

Rotational Field 

Westward 
D r i f t  

Ern .m 
gn n 
-- 
9.2 

-- 
-3 .0 

0.6 

-- 
-0 .4 

1.1 

0.0  

-- 
0.5  

-0.9 

0 .4 

-0.6 

-- 
2.2 

-- 
-4.7 

-0 .3 

-- 
2.5 

-0.1 

-3 .4 

-- 
-0 .4  

0.2 

1.3 

-2 .0  

Rema.inde r 

Ern .m 
gn n 

2.4  -- 
-3.5 -14.2 

-3.6 -" 
0.4  -4.1 

-2.5 -4.7 

4.8 -- 
-1.7 3 .8  

1 .9  -2 .1 

0.8 -3.2 

-2.1 -- 
1.7 1 .o 
0.5 1.6 

-1.0 -0 .4  

-1.5 -2.3 

irrotational F i e  Ld 

lim .m 
gn n 

3.2  

-5 .4  

-12.6 

6.2 

-1.1 

-1.3 

-1.9 

-0 .4 

-0.9 

-0.2 

-2.6 

0.5 

0.2 

0.1 

-- 
3 . 4  

-- 
0.7 

-4.8 

-- 
-1.3 

3 .1  

-0.8 

-- 
-1.3 

-1.9 

1.8 

-0.2 
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T a b l e  4 

COMPARISON OF SECULAR-CHANGE C O E F F I C I E N T S  COMPUTED FROM TOTAL DERIVED 

VELOCITY F I E L D ,  WITH C O E F F I C I E N T S  OF THE OBSERVED SECULAR'CHANGE 

F I E L D ,  EPOCH 1960, U N I T S  OF GAMMAs/YR 

n m  

1 0  

1 

2 0  

1 

2 

3 0  

1 

2 

3 

4 0  

1 

2 

3 

4 

C ompu t ed 

hm gn n 
m 

5.6 

0.3 

-16.2 

3.6 

-3.0 

3.5 

-4.0 

2.6 

-0.1 

-2.3 

-0.4 

0.1 

-0.4 

-2.0 

-- 
-8.6 
-- 

-8.1 

-9.8 

-- 
5.0 

0.9 

-7.4 

-- 
-0.7 

-0.1 

2.7 

-4.5 

O b s e r v e d  

hm gn n 
m 

20.6 -- 
6 .O -3.9 

-29.1 -- 
1.2 -13.7 

-0.7 -15.8 

-- 2.7 

-10.0 6.5 

1.6 2.9 

-1.3 -9.2 

-0.9 -- 
1.9 -1.8 

-1.2 -1.5 

-0.5 3.2 

-4.2 -5.5 
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I .  

I I  I I I I I I I 
120 180 240 m 0’ Earl 60 

F i g .  2 -- R a d i a l  component o f  secular-change f i e l d  a t  the s u r f a c e  
of t h e  c o r e ,  r = 3471 km; (a) from secular-change coe f -  
f i c i e n t s  of Hendricks and Cain,  epoch 1960, (b) from 
c a l c u l a t e d  v e l o c i t y .  
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I t  

c u r r e n t  

1 1  
may be noted  t h a t  t h e  t r a n s v e r s e  d i p o l e  terms g 1, h l ,  f o r  which 

evidence shows a t  most on ly  a v e r y  s l i g h t  d r i f t  i n  any d i r e c t i o n ,  

a p p a r e n t l y  i n t e r a c t  w i t h  t h e  f l u i d  motions of Table  2 t o  g ive  some 

agreement wi th  o b s e r v a t i o n  f o r  s e c u l a r  change i n  t h e  t r a n s v e r s e  

d i p o l e  terms. 

The secular-change c o e f f i c i e n t s  of Table  3 are of cour se  no t  d i r e c t l y  

comparable w i t h  t h e  r e s u l t s  of Yukutake (1962) and Nagata (1962) )  s i n c e  

they  a t t r i b u t e d  s e c u l a r  change t o  terms i n  Ao dPn/dO. They assumed t h a t  

t h e  westward d r i f t  i s  0.2O/yr ,  and e s t ima ted  t h e  s e c u l a r  change which 

a r i s e s  from westward d r i f t  of t h e  nondipole  f i e l d ,  r a t h e r  t h a n  from t h i s  

f i e l d  p lus  t h e  d i p o l e  f i e l d .  The v a l u e s  of t h e  remaining terms i n  x and 

q ,  which make s u b s t a n t i a l  c o n t r i b u t i o n s  t o  d B / d t ,  have t o  our  knowledge 

not  been e s t ima ted  p rev ious  l y  . 

0 
n 

Nagata and R i k i t a k e  (1961) have i n v e s t i g a t e d  t h e  i n t e r a c t i o n  of 

p o l o i d a l  f l u i d  motions w i t h  t o r o i d a l  f i e l d s  i n  t h e  c o r e .  An impor tan t  

term of the t o r o i d a l  f i e l d  presumably a r i s e s  from i n t e r a c t i o n  of  t h e  

d i p o l e  term of t h e  main f i e l d  wi th  t h e  westward d r i f t ,  g i v i n g  a t o r o i d a l  

term T This  term has  a zona l  f i e l d  d i r e c t e d  eas tward  i n  t h e  co re  i n  

middle  l a t i t u d e s  of t h e  n o r t h e r n  hemisphere ,  and a s i m i l a r  bu t  o p p o s i t e l y  

d i r e c t e d  f i e l d  i n  t h e  sou the rn  hemisphere.  Nagata and R i k i t a k e  found 

t h a t  t h e  i n t e r a c t i o n  of p o l o i d a l  f lows  w i t h  t h e  T - f i e l d  can  g e n e r a t e  

a s i g n i f i c a n t  nondipole  f i e l d .  

and more r a p i d l y  a f t e r  a thousand y e a r s  o r  s o .  

such a s  those of Table  2 ,  mainta ined  f o r  o n l y  a few hundred y e a r s ,  w i l l  

no t  c o n t r i b u t e  much t o  t h e  nondipole  f i e l d  a s  a consequence of t h e i r  

i n t e r a c t i o n  wi th  t h e  T - f i e l d .  

2 '  

2 

This  f i e l d  i s  gene ra t ed  s lowly  a t  f i r s t ,  

Consequent ly ,  motions 

This  r e s u l t  i s ,  of c o u r s e ,  i n  harmony 2 
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w i t h  t h e  assumptions used i n  e s t i m a t i n g  t h e  f l u i d  motions of Table  2 ,  i n  

which t h e  c o n t r i b u t i o n  of V was neg lec t ed .  Naga ta ’ s  (1962)  e s t i m a t e s  2 

a l s o  i n d i c a t e  t h a t  t h e  i n t e r a c t i o n  of t h e  motions i n  Table  2 w i t h  t h e  

p o l o i d a l  f i e l d  can  gene ra t e  a nondipole  f i e l d  q u i t e  r a p i d l y  -- i n  on ly  

a few hundred y e a r s ,  on t h e  b a s i s  of Eq. ( 5 ) .  The r e s u l t s  of Table  3 

suppor t  t h i s  view,  s i n c e  w e  no te  t h a t  nondipole  components of t h e  f i e l d  

can  a r i s e  from t h e  s u c c e s s i v e  annual increments  of t h e  secular -change  

f i e l d  d u r i n g  a c e n t u r y  o r  so .  It i s  n o t  a t  a l l  c l e a r ,  however,  whether 

t h e  s u r f a c e  motions j u s t  i n f e r r e d  l i kewise  p r e d i c t  t h e  g e n e r a t i o n  of 

t h e  main d i p o l e  f i e l d .  
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V.  THE SURFACE FLOW IN RELATION TO DYNAMO THEORIES 

W e  have p r e v i o u s l y  found t h a t  i n  a d d i t i o n  t o  t h e  zona l  f low o r  west- 

ward  d r i f t ,  a p r i n c i p a l  f e a t u r e  of f l u i d  f low near  t h e  s u r f a c e  of t h e  

c o r e  i s  t h e  downflow i n  t h e  n o r t h e r n  P a c i f i c  and t h e  upflow nea r  South 

A f r i c a .  

2 f o r  1960, e x c l u s i v e  of westward d r i f t ,  which we r e c e n t l y  e s t ima ted  

(Kahle ,  B a l l ,  and V e s t i n e ,  1967) on t h e  b a s i s  of t h e  d a t a  of Hendricks 

and Cain  (1966).  

rence  of convec t ion  i n  t h e  c o r e  ( B u l l a r d ,  e t  a l . ,  1950; H i d e  and R o b e r t s ,  

1961) .  

t o  propagat ion  of hydromagnetic waves. 

nonuniform r o t a t i o n  of t h e  e a r t h ,  however, g ive  us  r eason  t o  b e l i e v e  

t h a t  t h e  westward d r i f t  i s  nonuniform and r e a l  ( K a l i n i n ,  1949; Munk and 

R e v e l l e ,  1952; V e s t i n e ,  1953; Hide and R o b e r t s ,  1961) .  For  i n s t a n c e ,  

t h e  westward d r i f t  may have been l e s s  around 1910,  c o i n c i d e n t  w i t h  a 

pe r iod  when t h e  c r u s t  and mant le  r o t a t e d  more r a p i d l y  ( V e s t i n e ,  1962) .  

These c o n s i d e r a t i o n s  l ead  u s  t o  b e l i e v e  t h a t  t h e r e  i s  some zona l  f low 

i n  the  c o r e .  

F igu res  3 and 4 e x h i b i t  g r a p h i c a l l y  t h e  f low p a t t e r n s  of Table  

The apparent  westward zona l  f low may i n d i c a t e  t h e  occur-  

However, Hide (1966) has  argued t h a t  t h e  westward d r i f t  i s  due 

The proposed exp lana t ions  of t h e  

We may a l s o  n o t e  t h a t  t h e  s u b s t a n t i a l  f l u i d  motion of degree  n = 2 

i n  Table  2 i s  of t h e  type  cons ide red  by B u l l a r d  and Gellman (1954) i n  

t h e i r  numerical  s tudy  of t h e  dynamo t h e o r y .  T h i s  term i s  

f 2  = r (O.21  COS 2A + 0.33 s i n  2A) P 2 ( e )  2 
2 

1 
where r i s  the  r a d i u s  of t h e  c o r e .  The o t h e r  second-degree term, q2, 

z i s  a l s o  f a i r l y  l a r g e .  

t end ing  t o  amplify an  o r i g i n a l  d i p o l e  f i e l d ,  a s  shown s c h e m a t i c a l l y  i n  

The Q 2  term would p rov ide  a c u r r e n t  feedback  
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F i g .  3 -- I r r o t a t i o n a l  p a r t  of c o r e  s u r f a c e  v e l o c i t y  f o r  epoch 1960. 
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Fig. 4 -- Rotational part of core surface v e l o c i t y  minus t h e  westward 
drift, for epoch 1960. 
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4 

2 
2 F i g .  5 .  A graz ing  f low of t he  r equ i r ed  type  J, a t  t h e  co re  s u r f a c e  has  

been deduced i n  our  s t u d i e s  h e r e ,  though i n s p e c t i o n  of Table  2 s c a r c e l y  

r e f l e c t s  a viewpoint  t h a t  t h e  term i s  e s p e c i a l l y  dominant.  N e v e r t h e l e s s ,  

i t  i s  comparable i n  magnitude t o  t h e  o t h e r  terms J, (which w e  have sug-  

ges t ed  can ,  i n  any c a s e ,  gene ra t e  a nondipole  f i e l d ,  probably i n  on ly  a 

few hundred y e a r s ) .  

m 
n 

I t  i s  of i n t e r e s t  t o  mention t h a t  t h e r e  may be evidence of a s imple  

a l t e r n a t i v e  dynamo f o r  gene ra t ing  t h e  main f i e l d .  F i g u r e  6 shows a type  

of g e n e r a t o r  cons ide red  by Herzenberg (1958) ,  and a l s o  d i s c u s s e d  r e c e n t l y  

by Lowes and Wilkinson (1963) and R i k i t a k e  and Hagiwara (1966). I n  t h i s  

type  of t h e o r y ,  two c y l i n d e r s  r o t a t e  i n  o p p o s i t e  d i r e c t i o n s  i n s i d e  a 

conduct ing  s p h e r e ;  a d i p o l e  f i e l d  can be genera ted  i f  t h e  c y l i n d e r s  

a r e  f a r  enough a p a r t .  Lowes and Wilkinson b u i l t  a working model of t h i s  

t ype  of dynamo. Though u s i n g  s o l i d  r a t h e r  t h a n  l i q u i d  c y l i n d e r s - i n  

r o t a t i o n  about  axes  approximately a t  r i g h t  ang le s  w i t h i n  a conduct ing  

f l u i d ,  t hey  v e r i f i e d  t h a t  i t  genera ted  t h e  p r e d i c t e d  f i e l d .  The d a t a  

of F i g s .  3 and 4 show t h a t  t h e  f low which w e  deduced f o r  g r a z i n g  i n d i -  

dence a t  t h e  mant le  base  appears  t o  be of a t ype  t h a t  t hey  hoped might 

be p r e s e n t  i n  t h e  c o r e  of the e a r t h ,  and b a r e l y  v i s i b l e  i n  t h e  f low a t  

t h e  t o p  of t h e  c o r e .  Whether our e s t i m a t e d  f low p e r s i s t s  t o  deeper  

l e v e l s  i s ,  of c o u r s e ,  u n c e r t a i n ,  but  t h e  s i m p l e s t  i n t e r p r e t a t i o n  appears  

t o  imply t h a t  i t  does ;  moreover, t h e  r e s u l t s  i n d i c a t e  t h a t  a rea l  d i p o l e  

f i e l d  may be genera ted  on t h e  basis of Herzenberg ' s  dynamo. 

Another s imple  g e n e r a t o r  of t h e  geomagnetic f i e l d  has  been sugges ted  

by Tverskoy (1966) .  Unlike most t h e o r i e s  of t e r r e s t r i a l  dynamos, 

Tverskoy ' s  i s  a n a l y t i c a l .  It p o s t u l a t e s  a v o r t e x  wi th  m e r i d i o n a l  f low;  
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1 .  

I 

I .  

i . e . ,  t h e  v o r t e x  i s  symmetrical  about t h e  a x i s  of r o t a t i o n .  According 

t o  Tverskoy, t h i s  v o r t e x  may gene ra t e  a f i e l d  t h a t  i s  i n i t i a l l y  nonax ia l .  

Presumably t h e  terms i n  Pn of Table 2 a r e  a p p l i c a b l e  h e r e ,  s i n c e  f o r  

P t hey  y i e l d  a mer id iona l  f low of about -1.42 km/yr a t  t h e  e q u a t o r i a l  

s u r f a c e .  

of t h e  form P a t  t h e  s u r f a c e  of t h e  c o r e  and a v o r t e x  w i t h  mer id iona l  

f l ow below i s  

0 

0 
1 

A s u i t a b l e  p o l o i d a l - v e l o c i t y  f u n c t i o n  having  a mer id iona l  flow 

0 
1 

0 
1 

I$ = -  ( r  - b ) ( r  - d)  cos  0 (12)  
bcu 

b -d 

0 
1 where CY 

a r e  t h e  r a d i i  of t h e  o u t e r  and inne r  ( s o l i d )  c o r e ,  r e s p e c t i v e l y .  The 

co r re spond ing  v e l o c i t y  i s  

= -1.42 km/yr i s  t h e  s u r f a c e  v a l u e  found i n  Table 2 ,  and b and d 

(13) 

cos e ]  r -b)  ( r - d )  bcvo 1 
(b-d) r [ i 8 ( 2 r  - b - d ) s i n  8 - 2 i r  ( r 

- - 

which has  been chosen s o  t h a t  vr van i shes  on both  t h e  i n n e r  and o u t e r  

s u r f a c e s  of t h e  c o r e .  The northward h o r i z o n t a l  s u r f a c e  flow reve r ses  

t o  a southward f low f o r  r < ( b  + d ) / 2 .  

A t  t h e  i n n e r  s u r f a c e  ( r  - 1200 km), t h e  e q u a t o r i a l  speed of mer i -  

d i o n a l  f low i s  4.1 km/yr i n  o u r  example of a Tverskoy-type v o r t e x  g e n e r a t o r ;  

th is  speed was deduced i n  conformity w i t h  t h e  mer id iona l  s u r f a c e  flow 

w e  have e s t i m a t e d  f o r  t h e  o u t e r  c o r e .  According t o  Tverskoy, t h i s  type 

of f l o w ,  i n  t h e  presence  of an i n i t i a l  f i e l d ,  can  g e n e r a t e  a f i e l d  which 

grows l i n e a r l y  w i t h  t ime ,  and wi th  feedback of a s u i t a b l e  type  can l ead  

t o  a s u b s t a n t i a l  gene ra t ed  f i e l d .  
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The c i r c u l a t i n g  e d d i e s  accompanied by a n  upflow of f l u i d  i n  t h e  

A t l a n t i c  can a l s o  be d i scussed  i n  r e l a t i o n  t o  P a r k e r ' s  t heo ry  of t h e  

main f i e l d  (1955).  If a p u l s e  of upflow pushes a n  eas t - -wes t  loop  of 

t h e  T f i e l d  above t h e  c o r e  s u r f a c e ,  a r o t a t i o n  of t h e  loop by 90' i n  2 

t h e  senses  shown f o r  each eddy i n  F i g .  4 can  y i e l d  a f i e l d - l i n e  loop  

emerging and descending  a t  t h e  c o r e  s u r f a c e  above each eddy. These loops 

of  f i e l d ,  expressed  i n  s p h e r i c a l  harmonics ,  would i n c l u d e  a d i p o l e  con- 

t r i b u t i o n  of t h e  same s i g n  a s  t h e  o r i g i n a l  d i p o l e  f i e l d  used t o  c r e a t e  

T 2 .  

y i e l d  no p o l o i d a l  te rm,  t h e  P a c i f i c  downflow need n o t  be cons ide red  as 

S ince  i n  t h i s  t h e o r y ,  downflow such as t h a t  i n  t h e  P a c i f i c  would 

a d i r e c t  c o n t r i b u t o r  t o  t h e  d i p o l e  f i e l d .  

Our purpose h e r e  has  been t o  d i s c u s s  i n  somewhat g e n e r a l  terms 

only  the  more q u a l i t a t i v e  a s p e c t s  of t h e s e  g e n e r a t o r s .  Other  major  a s -  

p e c t s ,  which w e  have not  y e t  d i s c u s s e d ,  i n c l u d e  a more p r e c i s e  t r ea tmen t  

of t he  boundary c o n d i t i o n s  a t  t h e  c o r e ,  a s  w e l l  as t h e  c o n t r i b u t i o n  of 

d i f f u s i o n  t o  s e c u l a r  change. A more d e t a i l e d  and r i g o r o u s  t r ea tmen t  of 

dynamo t h e o r i e s  would be a m a t t e r  of c o n s i d e r a b l e  computa t iona l  d i f f i -  

c u l t y ,  and seems p r e s e n t l y  i n f e a s i b l e  (Bu l l a rd  and Gellman, 1954; S tevenson  

and Wolfson, 1966) .  

F i g .  6 -- Herzenberg dynamo. 
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VI. CONCLUSION - 1 .  

i r  The s u r f a c e  flows t e n t a t i v e l y  e s t i m a t e d  f o r  t h e  s u r f a c e  of t h e  c o r e ,  

which show a dominant upflow near  A f r i c a  and a downflow i n  t h e  n o r t h e r n  

P a c i f i c ,  can account f o r  most of t h e  s e c u l a r  change measured a t  t h e  

e a r t h ' s  s u r f a c e  and a l s o  f o r  t h e  nondipole  f i e l d .  These f lows c o n t a i n  

components which, on t h e  b a s i s  of e i t h e r  B u l l a r d ' s  o r  Herzenberg ' s  

dynamo t h e o r y ,  may r e s u l t  i n  a m p l i f i c a t i o n  o r  d e a m p l i f i c a t i o n  of the  d i p o l e  

field. The a n a l y t i c a l  r e s u l t s  suggest  t h e  p o s s i b l e  presence  of two op- 

posed Herzenberg g e n e r a t o r s ,  e i t h e r  of whose growth i n  time may cause a 

d e c r e a s e ,  and e v e n t u a l  r e v e r s a l ,  of t h e  f i e l d .  The r o t a t i o n a l  

f low may a l s o  i n t e r a c t  w i t h  t o r o i d a l  f i e l d s  t o  produce a feedback t o  

t h e  d i p o l e  term,  l e a d i n g  t o  a p a i r  of g e n e r a t o r s  resembl ing  those  con- 

s i d e r e d  by Pa rke r  (1955). However, o t h e r  t ypes  of g e n e r a t o r s ,  such a s  

T v e r s k o y ' s ,  should a l s o  be cons ide red .  The e s t i m a t e s  of s u r f a c e  flow 

i n  t h e  co re  used i n  t h e  p r e s e n t  d i s c u s s i o n  of dynamos a r e ,  however, sub- 

j e c t  t o  p o s s i b l e  r e v i s i o n ,  i n  the event  t h a t  hydromagnetic waves and 

magnetic d i f f u s i o n  make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  s e c u l a r  change. 
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METHODOLOGY AND DISCUSSION: Observed z o n a l  o r  m e r i d i o n a l  s h i f t s  of  t h e  geomagnetic 
f i e l d  a t  t h e  e a r t h ' s  s u r f a c e  sugges t  t h a t  s imi l a r  motions may occur  a t  t h e  s u r -  
f a c e  o f  t h e  c e n t r a l  c o r e  abou t  halfway t o  t h e  e a r t h ' s  c e n t e r ,  assuming t h a t  t h e  
f i e l d  l i n e s  a r e  f r o z e n  i n t o  t h e  s u r f a c e  of t h e  c o r e .  The change of t h e  e a r t h ' s  
magnet ic  f i e l d  i n  t i m e  i s  used t o  e s t i m a t e  p o s s i b l e  motions w i t h i n  t h e  c o r e  
boundary. 

The t a n g e n t i a l  v e l o c i t i e s  of t h e  f l u i d  a t  t h e  s u r f a c e  of t h e  e a r t h ' s  co re  
were o b t a i n e d  by e x t r a p o l a t i n g  t h e  geomagnetic f i e l d  and i t s  s e c u l a r  change t o  
t h e  v i c i n i t y  of  t h e  c o r e ,  and t h e n  app ly ing  t h e  f r o z e n - f i e l d  concept  of geomag- 
ne t i sm.  S i n c e  t h e  e x t r a p o l a t i o n  g r e a t l y  a m p l i f i e s  e r r o r s  i n  t h e  h igh-degree  
t e r m s ,  t h e  i n v e s t i g a t i o n  i s  l i m i t e d  t o  the  b r o a d - s c a l e  f e a t u r e s  of t h e  v e l o c i t y .  

FINDINGS: The s u r f a c e  f lows t e n t a t i v e l y  e s t i m a t e d  f o r  t h e  s u r f a c e  of t h e  c o r e ,  which 
shows a dominant upflow nea r  A f r i c a  and a downflow i n  t h e  Nor thern  P a c i f i c ,  can 
accoun t  f o r  most o f  t h e  s e c u l a r  change measured a t  t h e  e a r t h ' s  s u r f a c e  and a l s o  
f o r  t h e  nond ipo le  f i e l d .  These flows c o n t a i n  components t h a t ,  on t h e  b a s i s  of 
t h e  dynamo t h e o r y  of e i t h e r  B u l l a r d  (1954) o r  Herzenberg (1958) ,  may r e s u l t  i n  
a m p l i f i c a t i o n  o r  d e a m p l i f i c a t i o n  o f  t h e  d i p o l e  f i e l d .  The a n a l y t i c a l  r e s u l t s  
s u g g e s t  t h e  p o s s i b l e  p re sence  of  two opposed Herzenberg g e n e r a t o r s ,  e i t h e r  of  
whose growth i n  t i m e  may cause  a d e c r e a s e ,  and e v e n t u a l  r e v e r s a l  of  t h e  f i e l d .  
The r o t a t i o n a l  f low may a l s o  i n t e r a c t  w i t h  t o r o i d a l  f i e l d s  t o  produce a feedback 
to t h e  d i p o l e  term, l e a d i n g  t o  a p a i r  of g e n e r a t o r s  r e sembl ing  t h o s e  cons ide red  
by P a r k e r  (1955) .  However, o t h e r  t y p e s  of  g e n e r a t o r s ,  such as t h a t  of Tverskoy 
(1966) ,  shou ld  a l s o  be cons ide red .  
used  i n  the p r e s e n t  d i s c u s s i o n  of dynamos are, however, s u b j e c t  t o  p o s s i b l e  re- 
v i s i o n  i n  t h e  e v e n t  t h a t  hydromagnetic waves o r  magnet ic  d i f f u s i o n  makes a 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  secular change. 

The estimates o f  s u r f a c e  flow i n  t h e  c o r e  
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